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Purpose: Image-guided cardiac interventions involve the use of fluoroscopic images to guide the insertion and movement of interventional devices. Cardiorespiratory gating can be useful for 3D reconstruction from multiple X-ray views and for reducing misalignments between 3D anatomical models overlaid onto fluoroscopy.
Methods:
We propose a novel and potentially clinically useful retrospective car-20 diorespiratory gating technique. The Principal Component Analysis (PCA) statistical method is used in combination with other image processing operations to make our proposed Masked-PCA technique suitable for cardiorespiratory gating. Unlike many previously proposed techniques, our technique is robust to varying image-content, thus it does not require specific catheters or any other optically opaque structures 25 to be visible. Therefore, it works without any knowledge of catheter geometry. We demonstrate the application of our technique for the purposes of retrospective cardiorespiratory gating of normal and very low dose X-ray fluoroscopy images.
Results: For normal dose X-ray images, the algorithm was validated using 28 clinical electrophysiology X-ray fluoroscopy sequences (2168 frames), from patients who 30 underwent radiofrequency ablation (RFA) procedures for the treatment of atrial fibrillation and cardiac resynchronization therapy procedures for heart failure. We established end-systole, end-expiration and end-inspiration success rates of 97.0%, 97.9% and 97.0%, respectively. For very low dose applications, the technique was tested on 10 X-ray sequences from the RFA procedures with added noise at signal to noise 
I. INTRODUCTION
Cardiac catheterization is a minimally invasive procedure used to diagnose and treat cardiovascular conditions. The electrophysiology (EP) study, a special type of cardiac catheterization, is a minimally invasive diagnostic test to evaluate the electrical system of the heart. Many arrhythmias can be treated during an EP study using radiofrequency ablation (RFA) ? ? where an ablation catheter is used to destroy arrhythmogenic tissue.
Cardiac resynchronisation therapy (CRT) is another example of a minimally invasive pro-
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cedure that uses a special kind of pacemaker, called a biventricular pacemaker, designed to treat the delay in heart ventricle contractions in heart failure patients.
For guidance of such procedures, intra-procedure high temporal resolution X-ray fluoroscopy images can be registered and overlaid with previously acquired roadmaps of high spatial resolution images from other imaging modalities, such as magnetic resonance imaging
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(MRI) and computed tomography (CT) ? ? ? ? . A promising approach to achieve this registration is by using catheters that are reconstructed in 3D ? from sequential bi-plane X-ray images ? ? . This requires cardiorespiratory phase matching of the bi-plane images which in these cases is done manually. While image fusion is a powerful tool that has a promising outcome for patients undergoing EP procedures, the roadmap images produced will be static 60 and will not update with the intra-procedural situation. Cardiorespiratory motion causes misalignments between the high-resolution pre-procedure images used for guidance and the anatomy, making the guidance information misleading and potentially unsafe. Successful reduction of these misalignments is therefore a necessary, although very challenging, task.
One way to achieve this is by motion gating of the real-time images. Motion gating is there-fore useful both for catheter reconstruction for registration and for overlay of pre-procedural images with X-ray fluoroscopy to reduce the effects of cardiorespiratory motion.
A cardiac electrocardiogram (ECG) synchronously recorded with X-ray images can be used for cardiac gating. However, this is usually an optional extra when purchasing an X-ray system and, when present, there may be latency between the acquisition of the ECG
70
and X-ray data that needs to be calibrated. Any system used for electrophysiology would need to have simultaneous ECG recording. However, during an EP procedure the ablation catheter may disrupt the ECG tracing and thus interfere with an ECG-based gating method. Respiratory gating can be achieved using markers placed on the patient's body ? .
the procedure. The problem with these approaches is that they require additional hardware, which is usually not available in the clinical setting. 
II. METHODS
A block diagram of the proposed Masked-PCA method is shown in Figure ? ?, giving an outline of how the gating approach becomes suitable for cardiorespiratory motion gating.
A. Frangi vesselness filter (FV)
The FV filter, a vessel enhancement filter, is applied to all X-ray images in the sequence. morphological opening is applied to all X-ray images in the sequence. We denote the results of this process by R 1,i , where i is the X-ray frame number.
B. Mask creation
Any pixels detected by the above image processing operations, in any frame of the X-ray sequence, are used to create a mask, denoted by R 2 . Specifically, the mask R 2 is computed 120 as the union of all detected pixels in the mask of each image,
N is the total number of frames in the sequence. The mask R 2 is the same for each frame in the sequence. The intensities of each of the pixels in the mask were concatenated into a single column vector for each frame. Hence the data generated by this process consisted of:
where R 2 i,j represents the intensity of the j th pixel of the mask, R 2 , in the i th frame. N is the number of frames and J is the number of pixels in the mask created. 
and the covariance matrix: 
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Note that all eigenvalues of the covariance matrix are zero except those that are nonzero eigenvalues of
Therefore to reduce computational time we calculate eigenvectors v
We then obtain the corresponding 
The hypothesis is that the PCA will extract respiratory and cardiac modes and that P m,i will therefore represent respiratory/cardiac signals that can be used for gating. It was found by correlation with the gold standard traces that the variation of the 1 st PC was dominated by respiratory motion. To recover the cardiac signal a band pass filter on the variation of 155 the 1 st PC, P 1,i , is required. To recover the respiratory motion the variation of P 1,i was cardiac gated using the identified end-systolic frames.
D. Band pass filter and cardiac gating
For gating, the task is to gate the same images that were used for forming the statistical model. We use the scalar projections from Eq. ?? for this purpose. To recover the cardiac 160 motion, a 2 nd order Butterworth band pass filter is applied to the variation of the 1 st PC.
The peaks of the bandpass filtered plots represent end-systolic frames, Ω sys .
where Ω sys is the set of all frame numbers that are identified as end-systole.
E. Respiratory gating 165
To recover the respiratory motion, the 1 st PC is cardiac gated using the identified endsystolic frames. End-inspiration and end-expiration frames are represented respectively by the peaks and troughs of the variation of the 1 st PC with frame number.
where Ω sys,EI and Ω sys,EX are the set of all frame numbers that are identified as endinspiration or end-expiration, respectively. For our experiments we did not separate training and testing data because our technique is intended for retrospective analysis. Rather, all frames were used for both training and testing.
A 2-tailed paired t-test was conducted under the null hypothesis that there was no difference between our proposed Masked-PCA technique and our previous HML-based technique.
The t-test was done on the frame differences of each of the techniques and was conducted for end-systole, end-inspiration and end-expiration, including only the peaks/troughs that were detected by both methods. dergoing CRT (bi-ventricular pacing) procedures. 9 of the sequences from the CRT patients, comprising 777 frames, were CS angiography sequences. Contrast agent was used in the 9 CS angiography sequences, but not in the other 9 sequences. Specifically, the iodinated agent, lopamidol, was used at a strength of 300 mg ml , undiluted. A total of 2168 X-ray images were processed. Three of these CRT procedures were bi-plane sequences, comprising a 195 total of 438 frames. An additional 3 RFA bi-plane sequences, from three different patients, comprising a total of 244 frames, were used for catheter reconstruction. For 16 patients, X-ray imaging was performed at 3 frames per second (f/s), 7.5 f/s for one patient and 15 f/s for five patients. The X-ray system setting were 70-100 kVp with the tube current under automatic exposure control. All X-ray images were 512 x 512 pixels in resolution, with a 200 pixel to mm ratio, R X−ray , of 0.25. Included in this ratio is the typical magnification factor of the X-ray system.
B. Optimisation of parameters
We built our algorithms using the leave-one-out cross-validation (LOOCV) approach
? . This involved using 27 out of 28 sequences as the training data and the remaining C. Retrospective cardiac and respiratory gating
Qualitative validation
We validated the respiratory gating using either diaphragm or heart border tracking, determined by the visible structure in the X-ray images, as described in ? for the ground 225 truth. The signal obtained using the tracking method was compared to the signal obtained using our automatic statistical gating technique.
To qualitatively validate our cardiac gating method, manual gating of the cardiac cycle at end-systole was performed by an experienced observer. This was done by visually detecting the onset of contraction of the left ventricle from the fluoroscopic left heart border shadow.
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The end-systolic frame number was recorded and compared with the corresponding end-systolic frame number from the automatic detection. We chose systole as opposed to diastole for validation since the manual ground truth is more reliable for systole where rapid motion can be used as the visual cue.
Comparative quantitative validation
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The cardiorespiratory gating performance of our proposed technique was compared to our previously developed robust to varying image-content HML-based gating technique for EP images containing high-contrast catheters ? , and to the phase correlation technique ? . We applied the HML-based and phase correlation approaches on the same 28 clinical fluoroscopy sequences that we used for testing and validation of the Masked-PCA method.
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In order to validate the respiratory gating performance of the above comparative techniques, their respiratory signals were compared to the respiratory signals obtained using the diaphragm/heart border tracking method (gold standard). To evaluate the cardiac gating performance, the end-systolic frame number was recorded and compared against the corresponding end-systolic frame numbers from the manual gating method (gold standard).
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D. Testing using sequential bi-plane reconstruction
Approximately 80% of EP catheter laboratories are mono-plane. In order to reconstruct optically opaque objects seen in X-ray images in 3D, like vessels, interventional devices and more importantly catheters, at least two oblique views must be acquired and phase-matched to the same cardiorespiratory phase. The acquisition of these images is called sequential bi- Figure ? ?a gives an illustration of the output of the thresholded FV filter response, R 1,1 ,
IV. RESULTS
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of the first frame of one example X-ray sequence, after the application of the threshold level and the morphological opening, overlaid with the corresponding X-ray image (Section ?? ). 
B. Comparative quantitative validation
For both cardiac and respiratory gating, the absolute frame difference was computed between the automatic methods and the gold standard methods. Specifically, end-systolic, end-inspiration and end-expiration frames were recorded from the automatic methods and 305 gold standard methods and their corresponding absolute frame differences were computed.
Faultless gating results are signified when the absolute frame difference between the automatic and gold standard method is zero. Absolute frame differences were also computed for the HML-based method and the phase correlation method with respect to the gold standard. The results can be seen in the frequency distribution bar charts in Figures ??a, significant difference between the HML-based technique and Masked-PCA technique for respiratory gating.
D. Testing using sequential bi-plane reconstruction
Our Masked-PCA technique was tested on 3 RF ablation sequential bi-plane X-ray sequences, comprising a total of 244 frames, and 3 CS angiography bi-plane sequences carried 335 out during CRT procedures, comprising a total of 438 frames. Bi-plane X-ray images were acquired from two different angle views using our mono-plane X-ray system. Typically, the RF ablation bi-plane sequences while Cases 4-6 illustrate the CRT bi-plane sequences.
Minimal reprojection errors (mm) arising from our automatic frame matching and from manual frame matching are illustrated in black and white color, respectively. The results
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show that our automatic frame matching outperforms the manual frame matching.
Minimal reprojection errors arising when we applied our previously proposed HML-based technique, as another comparative technique, were also computed and are illustrated in gray color, on the same figure. Using the Masked-PCA technique, we computed average minimal reprojection errors of 1.64mm and 0.54mm for EX/end-systole and EI/end-systole frame 350 pairs, respectively for catheter reconstruction from RF ablation bi-plane X-ray sequences.
Reconstruction of the tip of the right-ventricular pacing lead from CRT bi-plane X-ray sequences produced average minimal reprojection errors of 0.32mm and 0.40mm, respectively.
Comparatively, using the HML-based technique, we computed average minimal reprojection errors of 1.64mm and 1.60mm, respectively, for RF ablation bi-plane X-ray sequences and (1 7 ,1 2 ) (1 7 ,1 2 ) (3 0 ,1 2 ) (5 0 ,2 8 ) (3 6 ,7 ) (4 ,3 1 ) (1 7 ,2 8 ) (7 ,1 0 ) (7 ,3 1 ) (1 7 ,2 2 ) (1 7 ,2 2 ) (1 5 ,1 9 ) (3 8 , 3 1 simulated low dose X-ray sequences was performed using our Masked-PCA technique. Similarly, as comparative techniques, cardiorespiratory gating on the simulated low dose X-ray sequences was performed using both our previously published HML-based ? technique and 375 the Tracked-PCA ? technique since the CS catheter is now present in those images. Figure ? ? illustrates the results of the application of Poisson noise on the first image of an example X-ray sequence. In Figure ? ?a, the first image of an uncorrupted example X-ray sequence is displayed. In Figure ? ?b to Figure ? ?h, the simulated noisy images have a SNR
Noise-corrupted images
2. Cardiac and respiratory motion gating for very low dose X-ray image sequences.
For both cardiac and respiratory gating, the frame difference was computed between the automatic methods and the gold standard methods. Cardiorespiratory gating was performed radiation by allowing the use of lower dose fluoroscopy. To validate that, we have applied our technique to very low dose X-ray sequences. To simulate the noise in low dose X-ray images we corrupted 10 RF ablation X-ray sequences by applying Poisson noise of 7 different levels.
We have extracted cardiac and respiratory motion from the corrupted sequences. Figure ? technique. Although, end-systolic gating success rates at normal dose have been slightly decreased, by 1.6%, as a result of our Masked-PCA technique we now don't have the constraint of the presence of the CS catheter in our X-ray images as we had in our previously developed Tracked-PCA technique. Instead, our method is robust to varying image-content.
The proposed technique is workflow-friendly, it does not require any fiducial markers or 455 contrast agent and can operate within a few seconds per image sequence. In terms of clinical application, our technique can potentially be used for performing 2D-3D registration of 3D cardiac data (CT or MRI) to X-ray fluoroscopy, using catheters that are reconstructed in 3D from sequential bi-plane X-ray images. It is suitable for providing image registration for the updating of 3D roadmaps to significantly improve the accuracy of fluoroscopy overlays 460 for cardiac procedures or for the off-line fusion of cardiac image data for application in biophysical modelling research. Furthermore, the technique has the potential to greatly reduce radiation dose in image-guided cardiac catheter procedures, resulting in significant reduction of radiation to patients and staff. a hybrid, motion gating technique depending on the procedure type and image content of fluoroscopy X-ray sequences. The Tracked-PCA technique will be used for cardiac gating of X-ray images where the CS catheter is present, while Masked-PCA will be used for cardiac gating of X-ray images where the CS catheter is absent from the images. Masked-PCA would be used for respiratory gating regardless of image content. Future work will focus 470 on developing a technique that, based on the assessed X-ray sequence, could automatically detect the most appropriate method that should be used for motion gating. One major limitation of this and other model-based approaches is the requirement to build a separate model for each X-ray view. We are planning to extend our approach proposed here to make it X-ray system view-angle independent and therefore applicable to cases where the 475 angulation of the scanner is changed between frames.
VI. CONCLUSION
We have presented a novel and potentially clinically useful retrospective gating technique based on PCA and have demonstrated its application for automatic gating in normal and very low dose X-ray fluoroscopy sequences. Unlike most previously developed motion gating 480 techniques, the main novelty of our technique is that it is robust to varying image-content.
Thus, it is robust to typical EP X-ray images that can contain a varying number of different types of EP catheters and may include contrast agent injection.
